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Bioavailability denotes the ‘degree of interaction of chemicals with living organisms’. High 
bioavailability is generally needed for efficient biodegradation of environmental contaminants. 
Therefore, technologies to promote contaminant availability should foster bacterial transport and/or 
control interactions of chemicals with environmental matrices. Direct current (DC) electric fields 
and their electrokinetic phenomena (electro-migration, electroosmosis, and electrophoresis) have 
the potential to promote contaminant bioavailability by both mobilizing bacteria and contaminants. 
This thesis hence tested electrokinetic factors affecting bacterial transport and deposition and the 
interactions of contaminants with geo-sorbents, respectively.  
Studying electrokinetic effects on bacterial transport, we found that DC fields significantly changed 
bacterial deposition during transport in percolated laboratory columns. By calculating the bacteria-
collector interaction force FDLVO, the electroosmotic shear force FEOF, the electrophoretic drag force 
FEP, and the hydraulic shear force FHF, we developed an approach that interlinked the net forces Fnet 
on a bacterium to observed deposition efficiencies. The driving factor of electrokinetic effects was 
found to be the relative strength of |FEOF| and |FEP|. If |FEOF| > |FEP|, increased bacterial deposition 
efficiency and if |FEOF| < |FEP| decreased bacterial deposition efficiency was predicted. Investigating 
electrokinetic effects on bacterial deposition on planar surfaces using quartz crystal microbalance 
with dissipation (QCM-D) we confirmed our model by using different bacteria at varying ionic 
strengths of the electrolyte and of the DC electric applied, respectively. Our model can be used to 
predict DC field effects on bacterial deposition. 
Investigating the electrokinetic effects on the sorption/desorption of the model polycyclic aromatic 
hydrocarbon contaminant phenanthrene (PHE) we found that DC fields changed the rates and extents 
of PHE sorption and desorption in all geo-sorbents. Matrices of varying sorption strengths were 
tested. In strongly sorbing carbonaceous sorbents, the electroosmotic flow (EOF) increased the rates 
of PHE sorption and reduced PHE desorption while in more weakly sorbing matrices, EOF 
significantly reduced PHE sorption and increased its desorption. By interlinking the Gibbs free 
energy change of sorption (∆Gº) and the EOF velocity, an approach was developed to estimate 
electrokinetic effects on the sorption and desorption of PHE. 
The results of this thesis propose that electrokinetic phenomena have significant impact on both 
freely dissolved contaminant concentrations and bacterial deposition in porous media. They hence 
have high effect on contaminant bioavailability. Using conceptual approaches interlinking the 
electrokinetic forces with ∆Gº and bacteria-matrix interactions energies (GDLVO), respectively, we 
were able to estimate electrokinetic effects on bacterial deposition and contaminant release. Our 
data thus give rise to future technical applications to control the bioavailability in natural and man-
made ecosystems.
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Summary 
Bioavailability denotes the ‘degree of interaction of chemicals with living organisms’. Several 
processes determine the bioavailability of contaminants: the release and transport of the 
contaminant from the source to degrader cells, the mobility of the degrader cells to the contaminant 
(both of these processes determine the ‘availability to degrader’), and the cell’s uptake and rate of 
biodegradation (‘activity of degrader’). 
Direct current (DC) electric fields and their electrokinetic phenomena (electro-migration, 
electroosmosis, and electrophoresis) have the potential to promote contaminant bioavailability by 
both mobilizing bacteria and contaminants. This thesis hence tested electrokinetic factors affecting 
bacterial transport and deposition in laboratory percolation columns and quartz crystal 
microbalance with dissipation (QCM-D) approaches as well as the interactions of contaminants 
with geo-sorbents, respectively.  
To evaluate electrokinetic effects on bacterial deposition and transport in porous media, 
electrokinetic effects on the deposition efficiency of four bacterial strains with different 
physicochemical properties were investigated at varying electric field strengths. We found that DC 
fields significantly changed bacterial deposition during transport. Observed effects depended on the 
strength of the DC field effects applied. By calculating the bacteria-collector interaction force FDLVO, 
the electroosmotic shear force FEOF, the electrophoretic drag force FEP, and the hydraulic shear force 
FHF, we developed an approach that interlinked the net forces Fnet on a bacterium to observed 
deposition efficiencies. The driver of the electrokinetic effects was found to be the relative strength 
of |FEOF| and |FEP|. If |FEOF| > |FEP|, increasing bacterial deposition efficiency was predicted and if 
|FEOF| < |FEP| decreasing bacterial deposition efficiency was predicted. In high ionic strength 
electrolytes, the driving factor can be approximated by the zeta potential ratio of bacteria to solid 
surface (i.e., ζC/ζbac). That is, in high ionic strength electrolyte, electrokinetics enhances bacterial 
deposition in porous matrices at conditions of 1.29 ζC/ζbac > 1, while it enhances bacterial transport 
at conditions of 1.29 ζC/ζbac < 1. Investigating electrokinetic effects on bacterial deposition on planar 
surfaces using quartz crystal microbalance with dissipation (QCM-D) we confirmed our model by 
using two different bacteria at varying ionic strengths of the electrolyte and of the DC electric 
applied, respectively.  
Investigating the electrokinetic effects on the sorption/desorption of the model polycyclic aromatic 
hydrocarbon phenanthrene (PHE) we found that DC fields changed the rates and extents of PHE 
sorption and desorption in all carbonaceous and mineral geo-sorbents of varying sorption strengths. 
In strongly sorbing carbonaceous geo-sorbents, the EOF increased the rates of PHE sorption and 
reduced PHE desorption while in more weakly sorbing matrices, the EOF significantly reduced 
PHE sorption and increased its desorption. Interlinking the Gibbs free energy change of sorption 
(∆Gº) and the EOF velocity, an approach was developed to estimate electrokinetic effects on the 
sorption and desorption of PHE. 
The results of this thesis propose that electrokinetic phenomena have significant impact on both 
freely dissolved contaminant concentrations and bacterial deposition in porous media. They hence 
have high effect on contaminant bioavailability. Using conceptual approaches interlinking the 
electrokinetic forces with ∆Gº and DLVO interactions energies respectively, we were able to 
estimate electrokinetic effects on bacterial deposition and contaminant release. Our data thus give 
rise to future technical applications to control the bioavailability and biodegradation of 
contaminants in natural and manmade ecosystems. 
 
Zusammenfassung 
Der Begriff Bioverfügbarkeit bezeichnet den "Grad der Wechselwirkung von Chemikalien mit 
lebenden Organismen". Für den mikrobiellen Abbau von Schadstoffen sind dabei zwei Prozesse für 
deren Bioverfügbarkeit verantwortlich: (1) die Verfügbarkeit, d.h. die Freisetzung und der 
Transport des Schadstoffes hin zu den abbauenden Mikroorganismen und (2) die Aufnahme und 
der Abbau des Schadstoffes durch Mikroorganismen (Aktivität). 
Elektrische Gleichstromfelder (DC Felder) und ihre elektrokinetischen Phänomene 
(Elektromigration, Elektroosmose (EOF) bzw. Elektrophorese) besitzen ein großes Potenzial, die 
Bioverfügbarkeit von Chemikalien zu fördern, da sie sowohl Bakterien als auch Schadstoffe 
mobilisieren können. In dieser Arbeit wurde daher der elektrokinetische Einfluss auf den Transport 
und die Adhäsion schadstoffabbauender Bakterien in Laborsäulenversuchen und auf der 
Einzelzellebene mittels der QCM-D (Quartz Crystal Microbalance and Dissipation) Technologie 
untersucht. Des Weiteren wurde der Einfluss von DC-Feldern auf die Sorption bzw. Desorption 
eines hydrophoben Ölschadstoffes (Phenanthren, PHE) in Gegenwart von Geo-Sorbentien 
unterschiedlicher Sorptionseigenschaften analysiert.  
Zur Bewertung elektrokinetischer Effekte auf die Adhäsion und den Transport 
schadstoffabbauender Bakterien wurden vier verschieden Stämme bei variierenden elektrischen 
Feldstärken in perkolierten Laborsäulen geprüft. Die Stämme unterschieden sich in ihren 
physikalisch-chemischen Oberflächeneigenschaften. Wir fanden heraus, dass DC-Felder die 
bakterielle Adhäsion signifikant veränderten, d.h. entweder erhöhen oder erniedrigen konnten. Wir 
berechneten daher die Summe der Kräfte, welche auf ein Bakterium in Gegenwart und Abwesenheit 
von DC-Feldern einwirken (Fnet) und verglichen Fnet mit den beobachteten Adhäsionsseffizienzen. 
Für die beobachteten elektrokinetischen Effekte erwies sich die relative Stärke der absoluten Werte 
von |FEOF| und |FEP| als guter Indikator; bei |FEOF| > |FEP| konnte eine erhöhte und bei |FEOF| < |FEP| 
eine abnehmende Adhäsion im Vergleich zu Kontrollen ohne Strom gefunden werden. In 
Elektrolyten mit hoher Ionenstärke kann daher der elektrokinetische Effekt durch das Verhältnis 
der Oberflächenladungen (Zetapotential) der Bakterien (ζbac) bzw. der Kollektoroberfläche (ζC) 
vorausgesagt werden: DC-Felder erhöhen die bakterielle Adhäsion wenn 1.29 × ζC/ζbac > 1, während 
sie bei 1.29 × ζC/ζbac < 1 die Adhäsion erniedrigen und daher den Bakterientransport begünstigen. 
QCM-D basierte Untersuchungen bestätigten die in Laborsäulen gefundenen Ergebnisse und 
erlaubten eine Erweiterung unseres Voraussagemodells auch  für Situationen mit niedriger 
Elektrolyte Ionenstärken bzw. unterschiedlichen Stärken des angelegten DC-Feldes.  
Untersuchungen zum Einfluss DC elektrischer Felder auf die Schadstoff Sorption und Desorption 
wurde mit PHE als Modellverbindung im zweiten Teil der Arbeit durchgeführt. Unsere Versuche 
zeigten, dass DC-Felder sowohl die Raten als auch das Ausmaße der PHE-Sorption und -Desorption 
bei allen Sorbentien veränderten. Als Sorbentien wurden sowohl kohlenstoffhaltige (Graphit, 
aktivierte Holzkohle) als auch mineralische Materialien (Zeolite, Silika) unterschiedlicher 
Sorptionsstärken getestet. In stark sorbierenden kohlenstoffhaltigen Sorbentien erhöhten DC-Felder 
die PHE Sorptionsraten und verringerten die PHE-Desorption, während sie bei schwächer 
sorbierenden (mineralischen) Matrices die PHE-Sorption signifikant verringerten bzw. PHE-
Desorption erhöhten. Durch eine Korrelation der Änderung der Gibbs'schen freien Sorptionsenergie 
(∆Gº) und der EOF-Geschwindigkeit wurde ein Ansatz entwickelt, um elektrokinetische Effekte 
auf die Sorption und Desorption von PHE abschätzen und voraussagen zu können. 
Die Ergebnisse unserer Arbeit zeigen, dass elektrokinetische Phänomene sowohl auf frei gelöste 
Schadstoffkonzentrationen als auch auf die Adhäsion und den Transport von Bakterien signifikante 
Auswirkungen haben. Sie haben daher einen hohen Einfluss auf die Bioverfügbarkeit von 
Schadstoffen bzw. deren gezielten Steuerung. Mit Hilfe konzeptioneller Ansätze, die die 
elektrokinetischen Kräfte mit ∆Gº bzw. Bakterien-Matrix DLVO-Wechselwirkungen verknüpfen, 
konnten wir die elektrokinetischen Effekte auf die bakterielle Deposition und die 
Schadstofffreisetzung abschätzen. Unsere Erkenntnisse bilden daher einen Grundstein für 
zukünftige technische Anwendungen zur Kontrolle der Bioverfügbarkeit und des biologischen 





1. Scope and Outline of the Thesis 
As a central quantitative indicator of biodegradation of chemicals, bioavailability denotes the 
‘degree of interaction of chemicals with living organisms’. For contaminant bioremediation, 
bioavailability is determined by several processes: the ‘availability to a degrader’ (the release and 
transport of contaminants to degrader), and the ‘activity of a degrader’ (cell’s uptake and rate of 
biodegradation). The initial step of improving bioavailability is therefore to ensure the availability 
of contaminants. Two strategies may give solutions to low bioavailability resulting from limited 
contaminant availability to degrader: i) enhancing bacterial deposition and transport to 
contaminants; ii) enhancing contaminant release from sources and transport to contaminant 
degraders. There is hence interest in enhancing bioavailability by affecting the contaminant 
availability following these two strategies. One powerful tool effective in both strategies is the 
electrokinetic technique. The main objective of the thesis was to investigate the principles of 
electrokinetic effects on the bacterial deposition and contaminant release to improve bioavailability. 
The drivers of bioavailability and the main questions of this thesis are explained in Chapter 1. 
Chapter 2 gives a general introduction to the concept of electrokinetic approaches to overcome the 
bottleneck of bioavailability. One of the most important initial steps of improving bioavailability is 
enhancing the availability of contaminants to microbes. Electrokinetic approaches are therefore 
powerful to improve the bioavailability by two strategies: i) controlling bacterial deposition and 
transport; ii) controlling contaminant sorption and desorption. 
Chapter 3 describes the investigations of electrokinetic effects on bacterial transport in porous 
media. Applying percolated laboratory columns, we observed the deposition efficiency of four 
bacterial strains in porous media with the presence and absence of electric fields. The driver of 
electrokinetic effects was further investigated by correlating the variations of deposition efficiency 
to forces acting on bacteria. An approach to estimate the electrokinetic effects on bacterial 
deposition was established to predict the effects of electric fields on bacteria strains with different 
physicochemical properties. 
Chapter 4 describes the investigations of electrokinetic effects on bacterial deposition on planar 
surfaces. Applying the quartz crystal microbalance with dissipation monitoring (QCM-D) system 
together with microscope observations after deposition, the deposition rate and rigidity in a wide 
electrolyte concentration range were real-time observed in the presence and absence of DC electric 
fields. The approach to estimate electrokinetic effects on bacterial deposition was evidenced by 
correlating deposition rates observed by microscope counting, the deposition rigidity measured by 
QCM-D, and theoretically calculated net forces.  
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Chapter 5 describes the investigations of electrokinetic effects on contaminant sorption and 
desorption on sorbents. Applying a column reactor filled with sorbents of different physiochemical 
properties, the sorption and desorption rates of phenanthrene were observed in the presence and 
absence of electric fields. An approach to estimate electrokinetic effects on contaminant release 
was established by correlating the sorption/desorption rate to the relative strength of electroosmotic 
flow and the sorption Gibbs free energy. 
Chapter 6 summarizes the main findings of the thesis and relates them to the major objective of 
this thesis and their relevance for environmental applications. Possibilities of estimating the 
improvement of contaminant availability applying the two established electrokinetic-effect 
approaches in natural and manmade systems were discussed, the research interests that can be 






2. General Introduction 
2.1 Driving Factors of Contaminant Bioavailability 
As a central indicator of the biodegradation of chemicals, the term ‘bioavailability’ is usually used 
to quantitatively describe the ‘degree of interaction of chemicals with living organisms’1. In 
previous research, several biological and chemical methods for assessing bioavailability have been 
described2. For contaminant biodegradation, Bosma et al.3 defined bioavailability as the rate of a 
contaminant’s mass transfer to microbial cells relative to their intrinsic catabolic potential to 
degrade the contaminant. This perspective points at the relevance of mass fluxes for ‘degradation 
processes’ and discriminates bioavailability for degradation from bioavailability for ‘non-
degradation’ processes that lead to poisoning or inhibition of the receptor organisms. 
Several processes (Fig. 1) determine the bioavailability of contaminants: the release and transport 
of the contaminant from the source, the mobility of the degrader cell to the contaminant (both of 
these processes determine the ‘availability to degrader’), and the cell’s uptake and rate of 
biodegradation (‘activity of degrader’). Low bioavailability for biodegradation may arise if the 
release rate of contaminant from the source is low and the mobility of bacteria is limited2. Therefore, 
one initial step to derive productive biodegradation (i.e., high bioavailability) is to ensure the 
availability of contaminant to microbes.  
 
 
Figure 1. Conceptualization of the main processes driving the bioavailability of contaminant. Bioavailability is controlled 
by the availability of contaminant to degrader and the activity of degrader. The availability of contaminant is determined 
by the contaminant release and the bacterial transport in the matrix. 
Two different strategies are adopted to overcome the bottleneck of bioavailability caused by the 
constraints of contaminant availability. Firstly, developing methods inducing effects on bacterial 
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deposition or transport to improve contaminant availability. For instance, in extreme groundwater 
habitats4 or disturbed soil ecosystems with very low bacterial concentration5,6, dispersing 
contaminant degraders into the system is needed and increasing the deposition rate will enhance 
contaminant availability. Inversely, in low permeability soil systems, increasing the transport of 
degrader cells will increase the possibility of microbes to reach contaminants adsorbed on soil pores 
therefore may enhance contaminant availability7,8. 
Secondly, developing methods inducing effects on contaminant sorption or release to improve 
contaminant availability. For instance, in systems containing enough biomass, the release of 
contaminant will enhance the availability of contaminants9. Inversely, low contaminant 
concentration will limit the habitation of degraders when it cannot meet the maintenance 
requirements of the degrader population10. Adsorption of contaminants on the matrix will then 
enhance the availability of contaminants to biofilm habitats on the matrix. 
 
2.2 Electrokinetic Improvement of Contaminant Bioavailability 
According to the two strategies to improve bioavailability, several approaches such as 
electrokinetics11–13, surfactants14–16, pressure-driven hydraulic flow flushing17–20 have been 
developed to affect the bacterial deposition and contaminant release. Electrokinetic approaches 
showed their advantages in controlling bacterial deposition and contaminant release at the same 
time21–26, with no harmful effects on the viability of degrading bacterial cells27.  
2.2.1 Electrokinetic Effects on the Microbe-Matrix-Contaminant Interactions 
Electrokinetic bioremediation is based on the application of an electric field to the contaminated 
ecosystem by a series of electrodes designed as anodes and cathodes, which induce a variety of 
electrokinetic phenomena to enhance the mobilization and transport of the contaminants for 
subsequent contaminants removal22. 
In contaminated ecosystems, there are mutual interactions between matrix, contaminants, and 
microorganisms (cf. the base triangle in Fig. 2). These interactions form the base triangle in Fig. 2 
that includes: i) microorganism deposition and transport in the matrix, ii) contaminant 
sorption/desorption interactions with the matrix, iii) contaminant degradation by microorganisms. 
Electrokinetic phenomena including electroosmosis and electrophoresis are powerful tools in 
controlling the movement of bacteria and (bio-)colloidal particles with an external direct current 
(DC) electric field28–31.  
The application of the electric field therefore may stimulate the base triangle interactions, which 




interactions (Fig. 2). The electric field effects include three aspects: i) electric field effects on 
bacterial deposition and transport; ii) electric field effects on the interaction of contaminants with 
matrix; iii) electric field effects on the biodegradation efficiency. In this study, we concentrate on 
the electrokinetic effects on bacterial deposition and contaminant release which are essential to 
overcome the constraining factors of availability, as the first step to improve bioavailability. 
  
Figure 2. Schematic of electrokinetic effects on the interactions in the soil system (adapted from Wick et al.11) 
2.2.2 Principles and Applications of Electrokinetic Phenomena 
The main power of the electric field on the mobilization of particle fluids and molecules comes 
from electrokinetic phenomena. In direct current (DC) electric fields, there are distinct 
electrokinetic phenomena whenever there is relative motion between the liquid phase and the solid 
phase: electromigration, electroosmosis, electrophoresis, streaming potential, and sedimentation 
potential32, the dominating electrokinetic phenomena depend on the way in which relative motion 
is induced. When an external DC electric field is applied to the electrolyte, the electrical force 
causes motion of ions and charged particles, resulting in mainly two electrokinetic phenomena 
electroosmosis and electrophoresis, which play key roles in the interactions at the liquid-solid 
interface. To investigate the effects of these two electrokinetic phenomena, it is important to first 
understand their origin, that is, the surface charge and electrical potential distribution adjacent to 
the solid surface (i.e., the electrical double layer). 
When a solid phase material is placed in a polar liquid, dipolar molecules in the aqueous phase will 
tend to be oriented in a particular direction at the interface and generate a potential difference33. 
The surface charge must be exactly balanced by an equal and opposite charge in the solution. 
Therefore, the balancing charge is accounted for by an excess number of oppositely charged ions 
in the solution adjacent to the solid surface and a deficit of similarly charged ions or co-ions. This 
will produce three layers according to the ion distribution along with the separation distance: Stern 
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layer, diffuse layer, and bulk liquid, with the first two dense layers being defined as the electrical 
double layer (Fig. 3). The potential from the solid surface to the distance of the diffuse layer is 
defined as zeta potential32–34, it has been widely used to characterize the charge property due to 
plenty measuring methods35–37. 
 
Figure 3. Schematic of the electrical double layer and potential distribution (adapted from Elimelech et al.32) 
Potential distribution over the increment of distance from the solid-liquid interface is highly related 










            (1) 
where F is the Faraday charge (i.e. the magnitude of the charge on a mole of electrons = 96485 
coulombs), ε0 is the permittivity of free space, εr is the dimensionless dielectric constant or relative 
permittivity, R is the gas constant, T is temperature, I is the ionic strength32. The electrical double 
layer thickness κ-1 therefore decreases with the increment of electrolyte ionic strength. The concepts 
of the electrical double layer and zeta potential can further help to interpret the electrokinetic 
phenomena, which are the relative movements of ions and particles in the presence of an external 
DC field.  
In the presence of a DC external electric field, the relative motion of counter-ions attached on the 
solid surface towards the oppositely charged electrode results in the movement of the liquid adjacent 
to the solid surface, the liquid flow is electroosmotic flow (EOF). EOF is parallel to the solid surface 
towards the electrode that has the same charge as the solid surface, it rises from zero to a maximum 
value VEOF, max at a short distance (in the range of electrical double layer thickness) above the solid 
surface, the velocity profile has been investigated in capillary and porous media in previous 










          (2) 
where ζC is the zeta potential of solid surface, E is the electric field strength (V m-1), η is the viscosity 
of the liquid. The profile of electroosmotic flow velocity regarding the increment of separating 
distance can be described by the following equation with the combination of a simplified EOF 













          (3) 
I0 and I1 are the zero-order and first-order modified Bessel functions, h is the distance from the solid 
surface, r is the radius of the channel. The electrical double layer affects the electroosmotic flow 
velocity, the thinner double layer thickness (higher electrolyte ionic strength), in the shorter distance 
electroosmotic flow can reach the highest velocity. 
Electroosmosis approaches24,26,44 have shown high potential to mobilize slow-releasing 
hydrophobic organic pollutants to desorb from matrices of low permeability45–51. When an electric 
field is applied to a matrix immersed in an ionic solution, it invokes an electroosmotic transport 
process, that is, the surface charge-induced movement of pore fluids in an electric field is usually 
directed from the anode toward the cathode52. It originates from the enrichment of ions in the so-
called electric double layer near a surface and is particularly effective in fine-grained materials 
where macro- and micro-pores dominate. These are situations where the hydraulic flow is extremely 
small and molecular diffusion may limit the access of sorbates to and the release of sorbates from 
smaller pores12,53. Electroosmotic perfusion induces efficient liquid flow in inter- and intra-particle 
network pore channels and, hence, increase release rates and natural attenuation of PAH at locations 
where normal pressure-driven pump and treatment approaches may be inadequate53–55 or 
energetically ineffective56. Electroosmotic flow (EOF) can thus be applied for the dispersal and 
separation of uncharged entities or the dewatering of matrices. Contrary to the parabolic velocity 
profile of pressure-driven hydraulic flow in a pore, the velocity profile of EOF is quasi planar 
beginning at the electrical double layer located at a few nanometers above the surface. It thus likely 
arises at scales relevant to contaminant-sorbent interactions. This effect is, for instance, used in 
capillary electrochromatography (CEC) where EOF (rather than pressure-driven-flow such as in 
HPLC) is used to effectively separate uncharged solutes between a mobile and a stationary phase57. 
Hassan et al. found electroosmotic flow can be adopted to stimulate desorption of phenanthrene 
(PHE) from kaolin due to the strong shear produced by electroosmotic flow56. On the other hand, 
recent work showed that DC fields increased PHE sorption rates in carbonaceous exfoliated 
graphite sevenfold and reduced the PHE desorption rate by > 99%. This was discussed as a result 
of electroosmotic perfusion of PHE to pores that contribute most of the sorption sites, but are 
difficult to access in the absence of EOF by molecular diffusion only. Therefore, there are high 
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interests to investigate the mechanism of how electroosmotic flow affects phenanthrene sorption 
onto and desorption from different types of matrices.  
Simultaneously, the movement of charged colloidal particles and molecules (e.g., bacterial cells) to 
the electrode of the opposite charge in the DC electric field is electrophoresis. Electrophoretic 











         (4) 
Where ζp is the zeta potential of the target particle, f(κa) is a factor of the electrical double layer 
parameter κ and channel radius a. Previous research found that f(κa) levels to 1.5 for big particles 
and high ionic strength while levels to 1.0 for very small particles in low ionic strength electrolyte 
solutions32. Zeta potential can be derived based on this equation with electrophoretic mobility which 
can be determined by applying dynamic light scattering technique36,58.  
In natural ecological systems, matrix and bacteria strains are generally negatively charged due to 
the ion-affinity difference of the two phases or the ionization of surface chemical groups. Especially, 
both Gram-positive and Gram-negative bacteria carry a negative surface charge. For Gram-positive 
bacteria, the negative charge originates from ionization of phosphate in teichoic acids that linked to 
either the peptidoglycan or to the underlying plasma membrane; for Gram-negative bacteria, the 
outer covering of phospholipids and lipopolysaccharides import a strong negative charge.  
 
Figure 4. Schematic of electroosmotic flow, electrophoresis, and hydraulic flow 
As described above, the electroosmotic flow thus directs towards the cathode while electrophoresis 
directs towards the anode when both bacteria and solid matrix carry negative charges (Fig. 4). In 
this case, two powerful electrokinetic phenomena will contradict each other, the dominating 
phenomenon therefore depends on the relative strength of electroosmosis and electrophoresis. 
Based on the principles on how electroosmosis and electrophoresis play their roles, investigations 




transport’ in the following chapter 2.3 and ‘electrokinetic effects on contaminant sorption and 
desorption’ in chapter 2.4, separately. 
2.3 Electrokinetic Effects on Bacterial Deposition and Transport 
Bacterial deposition and transport are fundamental processes in microbial ecology and 
biotechnology59, which enable microbial functions in disturbed systems8 or promote the formation 
of biofilms as a major life form of bacteria. While the catabolic activity of biofilms provides 
essential ecosystem services in natural and man-made systems (e.g. for the degradation of 
anthropogenic chemicals or in wastewater treatment). There is, hence, strong interest in measures 
to control microbial deposition to surfaces as the first step in the formation of biofilms.  
Bacterial deposition efficiency can be quantitatively investigated using packed percolation columns 
or by QCM-D monitoring coupled to microscopy cell counting, which in the meanwhile allows for 
characterizing the rigidity of deposition. In a porous system, deposition to collector surfaces can be 
investigated by packed column systems (cf. Fig. 5) and quantitatively approximated by clean-bed 
filtration theory60,61. The clean-bed filtration model has been used for calculating bacterial 
deposition efficiency (i.e., the rate of bacterial retention on a single collector) with overall 
consideration of Brownian diffusion, interception, and sedimentation.  
 
Figure 5. Schematic of the column reactor (adapted from Qin et al.26) 
Furthermore, based on the results in porous media, electrokinetic effects on the deposition of two 
typical bacterial strains P. putida KT2440 and P. fluorescens LP6a were further studied with a high 
accuracy quartz crystal microbalance with dissipation monitoring (QCM-D) system combined with 
microscope counting in various electrolyte concentrations (cf. Fig. 6). The microscopic technique 
can be used to evaluate bacterial deposition efficiency, frequency shift, dissipation shift, and 
deposition rigidity signals can be used to evaluate the mass and rigidity of bacterial deposition. In 
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both porous media and QCM-D system, by comparing the bacterial deposition efficiency with the 
presence and absence of electric fields, the variations of deposition efficiency and variations of 
external electrokinetic factors were interlinked and analyzed to investigate the principles of 
electrokinetic effects. 
 
Figure 6. Schematic of QCM-D experimental set-up used in this thesis 
In both systems, bacterial deposition efficiency is influenced by hydraulic flow velocity, 
physicochemical properties of the microbe, the collector surface, and the aqueous medium62. These 
influencing factors can be quantitatively included in the forces acting on the bacterial cells. In the 
absence of electric field, bacterial deposition rate is dominated by the electrostatic repulsive energy 
and Lifshitz-van der Waals energy, which can be quantified by DLVO theory (deduced by 
Derjaguin, Landau, Verwey, and Overbeek) regarding the separating distance between bacterium 
and collector surface32. With the presence of an external DC field on an ionic solution in a solid 
matrix, it invokes electrophoresis and electroosmosis, which induce electrophoretic drag force and 
electroosmotic shear force in the opposite directions as described above63. Due to the plug shape 
flow profile of EOF and drag force of electrophoresis, they have been found to be efficient at the 
2nd minimum distance where bacterial deposition interaction takes place and thus significantly 
affects bacterial deposition efficiency26. Inspired by such observations, the dominating forces 
including DLVO force (FDLVO), hydraulic shear force (FHF), electroosmotic flow shear force (FEOF), 
and electrophoretic force (FEP) can be further quantified and summed up to a net force. The net 
force quantitatively includes the effects of bacterial physiochemical properties and the 
electrokinetic factors and thus can be interlinked to the quantified bacterial deposition efficiency 
(from both porous media and QCM-D system) to identify the drivers of DC-effects. 
2.3.1 Electrokinetic Effects on Bacterial Transport Through Porous Media 
The deposition and transport of bacterial cells in porous media was quantified by the clean-bed 
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where C is the effluent cell concentration, C0 the influent cell concentration, p the porosity of the 
packed bed, as the radius of the glass beads, L the length of the column, and ηt the transport of 
bacteria from the solution to the glass surface in the whole experimental time. ηtrans was 
approximated by applying the solution to the convection-diffusion equation 
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with p being the porosity of column, ab and as are the radii of bacteria and the glass beads, 
respectively, η and ρl are the absolute viscosity and density of PB buffer, μ is the approach velocity, 
g is the gravitational acceleration, k is the Boltzmann constant, T is the room temperature of 293 K. 
ρb is the density of the bacteria solution and A132 is the Hamaker constant as described by equation65: 
132 11 33 22 33( )( )A A A A A         (9) 
Aii denotes the individual Hamaker constant of bacteria (A11), glass (A22,) and water (A33), 
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According to Fowke67, the value of 6πl02 equals 1.44 × 10-18 m2, with l0 being the minimum distance 
between the outermost cell surface and the glass bead (0.157 nm)68.  
The surface Gibbs free energies γiLW were calculated according to Young’s equation, based on 
measured contact angles (θ) of microbial lawns, and glass surfaces in three solvents (water, 
formamide and methylene iodide): 
( ) 1 2 2 2
LW LW
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         (11) 
The total surface Gibbs free energies (γtotal) thereby were separated in a Lifshitz-van der Waals (γLW) 
and an acid-base component (γAB) with γ+ and γ- as the electron acceptor and the electron donor 
components of acid-base surface energy: 
total AB LW            (12) 
2ABi i i  
           (13) 
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Using literature data38 of γ, γLW, γ+, γ– values for water, formamide, and methylene iodide, the 
parameters γb, γbLW, γb+, γb– of bacteria were calculated as proposed by van Oss et al69, and the data 
from literature were taken for assessing the free energy of the glass surface70. 
2.3.2 Electrokinetic Effects on Bacterial Deposition on Planar Surfaces 
QCM-D is a high sensitivity method to measure the mass of bacterial attachment on a crystal sensor 
by observing the frequency decrease of crystal vibration (frequency shift) and the energy loss 
(dissipation energy shift) after cutting off energy supply71,72. The mass of attachment can be 












          (14) 
where f0 denotes the fundamental resonance frequency, Δm is the mass of bacterial deposition, A is 
the electrode area, ρq is the density of quartz (2.648 g cm-3) and µq is the shear modulus of quartz 
(2.957×1010 N/m2). It should be noted that the mass of deposited bacteria can only be defined by 
this equation when rigid deposition (i.e., dissipation energy shift equals 0), otherwise the frequency 
shift needs to combine with microscope cell counting to quantify the mass of bacterial deposition.  
The dissipation energy shift versus the frequency shift (i.e., Δf/ΔD) indicates energy dissipation per 
coupled unit mass, which gives the indications of the rigidity of bacterial adhesion74–76. In normal 
situations, bacterial adhesion leads to a negative frequency shift and positive dissipation energy 
shift. Thus less negative Δf/ΔD value indicates a dissipative soft and fluid film on the QCM-D 
sensor, and a more negative Δf/ΔD value stands for a more rigid layer74. These signals may thus 
help elucidate the rigidity and attachment strength of bacterial deposition. 
Various electrolyte concentrations of 10, 50, and 100 mmol L-1 resulted in three different electrical 
double layer thicknesses, thus different electrokinetic effects, all of these factors were taken account 
for the net force quantification, to further investigate the electrokinetic-effect principles. 
2.3.3 The Driving Force Dominating Bacterial Deposition and Transport 
In both porous media and QCM-D planar systems, the same types of forces are acting on a 
bacterium in an external DC field: bacterial-solid surface interaction force (i.e., FDLVO), hydraulic 
shear force (FHF), electroosmotic shear force (FEOF), and electrophoretic force (FEP). The net force 
dominating bacterium deposition, therefore, can be expressed by the equation: 




The DLVO theory is a widely used approach that describes the interaction energy between bacteria 
and the solid surface combining electrostatic energy and Lifshitz-van der Waals interaction 
energy69,77,78 
DLVO EDL LWG G G          (16) 
Previous research found that the strongest attractive energy which dominates the reversible bacterial 
deposition locates at the secondary minimum distance, bacterial cells deposit on the collector 
surface when their kinetic energy is lower than the attractive energy of the collector surface79. The 
DLVO attractive force dominating reversible bacterial deposition efficiency, therefore, can be 







         (17) 
The shear forces FHF and FEOF, acting on a bacterium located at hs depend on the velocities of the 
hydraulic (VHF) and the electroosmotic (VEOF) water flow and can be calculated by equations80 
*
HF d HF6F F aV           (18) 
*
EOF d EOF6F F aV         (19) 
where η is the viscosity of the liquid, Fd* is a function of the radius a of a sphere (for simplicity we 
presume bacterial cells to be spheres) and the distance of the center of the sphere to the collector 
surface. Following previous work we presume Fd* to be 1.780. 
The drag force FEP acting on a bacterium is calculated from the electrophoretic velocity VEP 
according to equation81,82 
EP EP6F aV         (20) 
As described previously, the electroosmosis and electrophoresis counteract each other to dominate 
the overall electrokinetic effects, the relative strength hence becomes the indicator to identify the 
dominating factor of the two forces. After eliminating the identical components electric field 
strength E, the permittivity of free space ε0, dielectric constant of water εr, and reciprocal of viscosity 
1/η. The relative strength of |FEOF| and |FEP| can be simplified to the expression: 
*
EOF d C 1
EP 0
bac
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        (21) 
From the expression we understand that the force strength ratio is dominated by the electrical double 
layer thickness κ-1, particle size a, and zeta potentials of matrix surface (ζC) and bacteria (ζbac). In 
particular, in 100 mM phosphate buffer f(κa) levels to 1.5, the function [1-2I1 (κhs)/κaI0 (κhs)] levels 
to 1, therefore the force ratio can be approximated to 1.29 ζC/ζbac. In this case, the dominating factor 
of the interactions between electroosmosis and electrophoresis can be simplified to the zeta 
potential ratio. 
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2.4 Electrokinetic Effects on Contaminant Sorption and Desorption 
The advancing of the industry has significantly raised the overall life quality for human beings in 
the past two centuries, but at the same time, it has been inevitably accompanied by numerous side 
effects on the ecosystem. Polycyclic aromatic hydrocarbons (PAHs) are a group of typical 
contaminations widely distributed all over the world due to coal mining, oil exploitation, transport, 
leakage, and burning of oil, etc.83,84. They pose threat to human health due to persistent toxic and 
bioaccumulation proterties85. Massive PAH polluted soil areas have been found all over the world, 
especially the coal gasification and oil exploitation sites. Previous research has shown that PAH-
degrading bacterial strains86,87 are effective in decomposing contaminants9. However, the consensus 
in previous research is that only the contaminants dissolved in water are available to microbes88. 
The release of PAH contaminant to interact with live PAH-degraders in the ecosystem therefore 
plays an important role in determining PAH bioavailability. 
Therefore, interactions with solid geo-sorbents are key drivers of the persistence of PAHs and, 
hence, control their fate as well as the exposure to environmental and human receptors. Various 
studies have shown that the sequestration of hydrophobic chemicals in the solid phase significantly 
reduce PAH bioavailability and biodegradation. Three potential rate-limiting steps may influence 
the sorption of contaminant to and its release from geo-matrices, respectively: (i) diffusion of the 
contaminant within the molecular nano-porous network, (ii) pore or surface diffusion in aggregated 
geo-matrices, and (iii) diffusion of the sorbate across an aqueous boundary layer surrounding 
sorbent particles. As a consequence of progressive binding, the residual hydrophobic contaminant 
may become less leachable and thus less efficiently available for microbial degradation7. The 
sorption and release of PAH in various sorbents can be investigated by kinetic89–91 and 
thermodynamic (e.g., Gibbs free energy of sorption, ΔGº) approaches92,93.  
2.4.1 Electrokinetic Effects on PHE Sorption/Desorption Kinetics 




Electrokinetic effects on PHE (as a typical PAH contaminant) sorption and desorption on mineral 
and carbonaceous matrices were investigated in a set-up as shown in Fig. 7. Breakthrough curves 
in adsorption are the course of the effluent adsorptive concentration at the outlet of fixed bed geo-
matrices, it is an important approach for understanding the adsorption and releasing processes and 
the characterization of porous materials. In order to quantitatively describe the electrokinetic effects, 
normalized time-dependent fractions of PHE in the sorbent in desorption and sorption experiments 
were defined as Γdes,t (%) and Γsor,t (%), respectively. They were calculated from PHE inflow (Ci) 
and outflow concentrations (Ce) of the reactor chamber, the electrolyte volume flushed (V; L), and 
the initial PHE load (M0; mg) in the sorbent and the maximum amount of PHE that can be loaded 

























       (23) 
The relative influence of DC electric fields on PHE desorption (ΔΓdes,t) and sorption (ΔΓsor,t) at a 
given time can be calculated by the following equations where subscripts denote the absence and 
presence of the electric field. 
des,t des,noDC,t des,DC,tΔ           (24) 
sor,t sor,noDC,t sor,DC,tΔ           (25) 
2.4.2 The Relative Strength of Sorption and EOF Dominating Electrokinetic Effects 
If geo-sorbents and contaminant solutions are allowed to interact long enough, equilibrium will be 
established between the amount of adsorbate adsorbed in solid and the amount of adsorbate in 
solution. Equilibrium is the most important piece of information for the understanding of how much 
adsorbate can be accommodated by a solid sorbent95. The equilibrium can be described by 
adsorption isotherms. The Freundlich equation is one of the earliest empirical equations used to 
describe equilibrium data and sorption characteristics for a heterogeneous surface95,96 
log log loge F eq K n C         (26) 
where qe is the equilibrium concentration of PHE adsorbed to sorbents, Ce is the dissolved PHE 
equilibrium concentration, n is the Freundlich exponent (a measure of sorption linearity) and KF is 
the Freundlich isotherm constant (µg kg-1) (L µg-1)n. The distribution coefficient Kd at equilibrium 
was determined by Kd = qe/Ce (L g-1). The specific surface-normalized distribution coefficient Kd* 
can be further calculated by dividing Kd by the specific surface area (m2 g-1) of the sorbents. 
Investigating the sorption equilibrium and isotherms at several different temperatures, 
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thermodynamic parameters sorption Gibbs free energy, sorption enthalpy, and sorption entropy can 
be calculated. The Gibbs free energy of sorption (ΔGº) relates to sorption enthalpy (ΔHº) and 
sorption entropy changes (ΔSº) by the equation: 
G H T S              (27) 
ΔGo can be estimated according to the following equation: 
clnG RT K            (28) 
Kc is the equilibrium constant. It is dimensionless and based on the Freundlich isotherm KF and the 















        (29) 
ΔH° can be estimated using the Van’t Hoff equation by substituting eq. 31 to eq. 3097,99: 
c







       (30) 
The ∆Hº (kJ mol-1) is a measure of the enthalpy change (isosteric heat) involved in the transfer of 
solute from the reference state to the sorbed state at a given solid-phase concentration. R is the 
universal gas constant (8.314 × 10-3 kJ mol-1 K-1) and T is the temperature in Kelvin. The values of 
∆Hº can be estimated by the slope and intercept of a plot of ln Kc versus 1/T, and ∆Sº can be 
calculated by ∆Hº and ∆Gº according to eq.27.  
The Gibbs free energy change ∆Gº indicates the degree of the spontaneity of PHE sorption on 
sorbents. Therefore, we challenged to apply ∆Gº and the velocity of EOF to quantitatively correlate 
the relative strength of sorption and desorption factors, to find out the principles of electrokinetic 
effects.  
 
2.5 Aims of this Study 
Electrokinetics has been discussed as a promising technique to interfere with interactions of bacteria 
and contaminants with surfaces, and, hence, to improve contaminant bioavailability. However, the 
drivers of electrokinetic effects on bioavailability are not yet clear. This thesis hence strived (i) to 
quantify electrokinetic effects, (ii) to interlink observed effects to calculated electrokinetic forces, 
and (iii) to develop approaches to predict the electrokinetic effects on bacterial deposition and 
contaminant matrix interactions. In detail, it aimed  
i) to examine electrokinetic effects on bacterial transport in percolated laboratory columns in 
the presence and absence of electric fields and to develop an approach to predict 
electrokinetic effects based on bacterial and collector surface properties. 
ii) to investigate electrokinetic effects on bacterial deposition on flat surfaces by high accuracy 




fields and to develop a predictive model for electrokinetic effects on bacterial deposition at 
varying electrolyte strengths.  
iii) to quantify electrokinetic effects on phenanthrene interactions (sorption/release) with 
mineral and carbonaceous sorbents in the presence and absence of electric fields and to 
develop an approach to predict electrokinetic effects on the sorption and desorption of 
contaminants based on the Gibbs free energy change of sorption (∆Gº) and the EOF 
velocity.  
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3. Electrokinetic Effects on Bacterial Transport in Porous Media 






































































4. Electrokinetic Effects on Bacterial Deposition on Planar 
Surfaces 
4.1 Predicting Electrokinetic Effects on Bacterial Deposition by Quartz 
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There is high interest in controlling bacterial deposition as the first step in the formation of microbial 
biofilms in environmental technology. Earlier work has shown that weak direct current (DC) 
electric fields influence bacterial deposition during transport in percolation columns. By combining 
time-resolved Quartz Crystal Microbalance with dissipation monitoring (QCM-D) and microscopy-
based cell counting, we here quantified the DC field effects on the deposition of the bacterial strains 
Pseudomonas putida KT2440 and Pseudomonas fluorescens LP6a at varying electrolyte and weak 
electric field strengths (0 – 2 V cm-1). Clearly changed DC-induced frequency (Δf) and dissipation 
energy shifts (ΔD) and ratios thereof (Δf/ΔD) proved as good indicators of the rigidity of cell 
attachment and deposition. We interpreted the QCM-D signals using a theoretical approach 
calculating the attractive DLVO-force and the shear and drag forces acting on a bacterium near 
collector surfaces in a DC electric field. We found that DC-induced deposition changes depended 
on the relative strengths of the electrophoretic drag and the electroosmotic shear forces. This may 
allow for the prediction and the electrokinetic control of microbial deposition to surfaces in natural 
and man-made ecosystems. 











Microbial biofilms provide essential ecosystem services in many natural and man-made 
environments. While being beneficial in e.g. wastewater treatment systems or the degradation of 
contaminants, biofilms can also be detrimental to both human health and industrial applications. 
Biofouling, for instance, gives rise to unwanted corrosion of metals1 or threatens human health by 
infecting medical devices2,3 or drinking water systems4–6. There is hence high interest in control of 
bacterial deposition as the first step in the formation of biofilms. Direct current electric fields and 
their associated electrokinetic phenomena have been found to influence bacterial deposition7–11. DC 
electric fields evoke various electrokinetic transport processes in immersed matrices. They allow 
for targeted movement of bacteria and colloidal particles19–21 in porous media also in the absence 
of pressure-driven hydraulic flow10,15–17. While electromigration and electrophoresis refer to the 
transport of charged molecules and particles to the electrode of opposite charge, electroosmosis 
(EOF) reflects the surface charge-induced movement of pore fluids usually from the anode to the 
cathode18. Due to its plug shape flow profile acting as close as a few nanometres above a surface, 
EOF is also thought to affect bacterial deposition by inducing shear forces (FEOF)19–21. 
Electrophoresis, by contrast, induces a drag force (FEP) on the (negatively) charged bacteria22–24 and 
hence acts in the opposite direction to FEOF. A bacterium approaching a surface or being located at 
a distance of the secondary DLVO energy minimum will be subject to FEOF and FEP and the relative 
strength of the two forces has been proposed as a driver for observed DC-field effects on bacterial 
deposition22,25–27. Electrokinetic phenomena directly correlate to the electric field strength (E) 
applied, the surface properties of the matrices and (bio-)colloidal particles and the ionic strength of 
the electrolytes. Here we assessed the effect of DC electric fields on bacterial deposition using a 
quartz crystal microbalance with dissipation (QCM-D) approach. QCM-D is an accurate technique 
for real-time characterization of fouling and biofilm formation processes28,29. It is an acoustic 
method that reflects the amount and viscoelastic properties of an adhering mass by changes of the 
resonance frequency (Δf) and energy dissipation (ΔD) of an oscillating crystal coating sensor 
surface30–33. The Δf is an indicator of the bacterial mass attached to the sensor while ΔD indicates 
the softness of non-rigid adhesion34,35. Both signals vary according to the surface charge and 
hydrophobic properties of bacteria and the sensor surface36–38. Plotting ΔD versus Δf compares the 
induced energy dissipation per coupled unit mass: lower Δf/ΔD values indicate the formation of a 
dissipative, soft, and fluid film, while higher Δf/ΔD values suggest a more rigid layer of attached 
bacterial mass 28,39. Hence, the Δf and ΔD changes of the QCM-D sensor allow to analyze the 
interactions of loosely bound layers of bacteria and their substratum given depositing cells of similar 
cell surface morphology30,40. If Δf values are supported by direct microscopy counting, QCM-D 
also can be used to quantify rates of bacterial attachment and, hence, to approximate time-resolved 
electrokinetic effects on bacterial deposition at varying environmental conditions and to compare 
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bacterial deposition to electrokinetically induced forces (FEOF and FEP) acting on bacteria adjacent 
to a solid collector surface. Using a QCM-D approach, we here experimentally assessed the joint 
effects of DC electric field and ionic strength of the electrolyte on the deposition of two bacteria of 
differing physicochemical cell surface properties at the nanogram level41. QCM-D data were 
supported by microscopic cell counting and analyzed by a recently published theoretical approach 
calculating the DLVO colloidal interaction, hydraulic drag and electrokinetic forces acting on a 
bacterium near a collector surface in a DC electric field.  
 
Material and Methods 
Cultivation of bacteria and inoculum preparation 
Pseudomonas putida KT2440 (GenBank accession No. AE015451)42 and Pseudomonas 
fluorescens LP6a (GenBank accession No. AF525494)43 were cultivated in minimal medium with 
1.0 g L-1 glucose as carbon source until the early stationary phase (25 °C; rotary shaker at 150 rpm). 
The cultures were then centrifuged at 3000 × g and re-suspended in 10 mM (5 mmol K2HPO4 and 
5 mmol KH2PO4 diluted in 1 L deionized water), 50 mM (29 mmol K2HPO4 and 21 mmol KH2PO4 
diluted in 1 L DI water), and 100 mM (61 mmol K2HPO4 and 39 mmol KH2PO4 diluted in 1 L DI 
water) potassium phosphate buffer (PB, pH = 7) using a Vortex mixer (Vortex-Genie 2, Scientific 
Industries, USA) to obtain bacterial suspensions of an optical density of OD600 nm= 0.30.  
 
Characterization of physicochemical properties of bacterial and sensor surfaces 
The zeta-potential of bacteria (ζbac) and silica beads (ζs) was measured by Doppler electrophoretic 
light scattering analysis (Zetamaster, Malvern Instruments, Malvern, UK) with a Dip Cell Kit. The 
zeta potential of silica sensor surface was estimated using smashed silica beads in the appropriate 
PB electrolyte. Clean glass beads were smashed with a mortar and a pestle to a size of <100 μm, 
then heated at 200 °C in muffle furnace for 2 h, allowed to cool down to room temperature (25 °C) 
under sterile conditions. The contact angles (θ) of bacterial strains and the sensor in three solvents 
(i.e. water, formamide, and methylene iodide) were quantified using a DSA 100 drop-shape analysis 
system (Krüss GmbH, Hamburg, Germany) as described earlier44,45 and are given in Table S1. 
Bacterial lawns were prepared by depositing bacteria from inoculated suspensions on cellulose 
acetate membrane filters (Millipore, 0.45 μm) and applying four droplets per filter in triplicate 
experiments for each solvent. 
 
 
QCM-D analysis of cell deposition to the silica sensor surface 
The interactions between bacterial cells and a silica surface were studied by using an E4 QCM-D 




cut, diameter: 14 mm, Q-Sense AB, Gothenburg, Sweden). Experiments were performed in a QCM-
D system comprised of an inlet solution container, four QCM-D chambers, a buffering bottle, and 
a wastewater container (Fig. S1). Bacterial suspensions were pumped through QCM-D tubing by 
under pressure-driven flow using a digital peristaltic pump (ISM932A, Ismatec, Germany) at a fixed 
flow rate of 200 µL min-1 (flow velocity: 6×10-7 m s-1) at 20 ± 0.2 ˚C (cf. Fig. S1). DC-fields fields 
(E = 0.5, 1.0, and 2.0 V. cm-1) were generated by a power pack (BK Precision 9174), and connected 
to two Ti/Ir electrodes placed into the bacterial suspension (cathode) and buffering bottle (anode). 
Two copper wires (i.d.: 0.2 mm, renewed after each experiment) were connected to the Ti/Ir 
electrodes, and inserted cautiously from cathode until 2 mm before the entrance of QCM-D chamber, 
and from 2 mm after the exit of QCM-D chambers to the anode in the buffering bottle separately. 
PB at either 10, 50, or 100 mM was used as electrolyte and DC electric fields of either E = 0, 0.5, 
1.0, or 2.0 V cm-1 were applied. Prior to the experiment, clean sterilized silica sensors were mounted 
in the QCM-D chamber carefully, the screws on the back of QCM-D chambers were sealed until 
hand-tight and then locked tightly by the snap on the base bracket. The frequency and dissipation 
were assured to deviate less than ±10 % from the standard frequency and dissipation values at the 
overtones 1, 3, 5, 7, 9, 11, and 13 (corresponding to 5, 15, 25, 35, 45, 55, and 65 MHz), respectively. 
The system was stabilized by pumping ultrapure water for 20 min, followed by 40 min pumping of 
cell-free PB electrolyte (of equal ionic strength as for the cell suspensions) to derive the baselines, 
experiments were only proceeded when both baselines were stable. Bacterial suspensions of either 
P. putida KT2440 or P. fluorescens LP6a (in 10, 50, or 100 mM PB electrolyte each) were then 
pumped into the QCM-D chamber during 2 hours and the frequency and dissipation monitored 
simultaneously. All experiments were performed in triplicate at E = 0, 0.5, 1.0, and 2.0 V cm-1. 
After each experiment, the sensors were rinsed carefully with 1.5 mL ultrapure water in a 50 mL 
centrifuge tube and cells detached bacterial cells by an ultrasonic washing unit (RK255H, Bandelin 
electronic, Germany) for 10 min. The sensor was taken out using tweezers, disinfected in a UV 
chamber for 20 min and then cleaned in 50 mL 2 % SDS solution, rinsed thoroughly with ultrapure 
water, dried under a nitrogen stream, and sterilized for 20 min in a UV chamber following the 
washing protocol provided with the silica sensors. 
 
Microscopic quantification of cells attached to the sensor 
At the end of each QCM-D analysis (i.e. after 2 h) the attached bacteria cells were carefully detached 
from the sensor and collected in 1.5 mL water as described above. The suspension bacterial 
suspension was then centrifuged at 6000 × g for 5 min, then 1.45 mL of the supernatant was 
removed, the bacterial pellet was re-suspended in the residual liquid (0.05 mL) with a Vortex mixer 
(Vortex-Genie 2, Scientific Industries, USA). The suspension was then injected to a 
Hemacytometer (Improved Neubauer 0.1 mm, Hausser Scientific, Germany) to take pictures and 
quantify the bacterial cell concentration by epifluorescence microscopy (Axioskop II microscope, 
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Zeiss, Jena, Germany) equipped with a camera (Carl Zeiss Microimaging GmbH, Germany). 
Images were analyzed by ImageJ software (ImageJ 1.46r, USA) for quantification of the cells. The 
automatic counting codes used for cell counting are listed in the supporting information, attached 
cell density on sensor surface (ηc) was calculated with the attached cell number on each sensor 
divided by the sensor surface area. 
 
Theory 
Forces acting on bacteria on a collector surface  
Although the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory of colloidal interactions46–
48 does not account for surface heterogeneities, hydration effects, or hydrophobic interactions, it is 
a powerful predictor of bacterial deposition in solutions of high ionic strength (I = 0.1 - 0.3 M)49–52. 
DLVO interaction energy profiles often evolve in a characteristic fashion and depend on the 
physicochemical properties of the microbe, the collector surface, and the ionic strength of the 
aqueous medium. DLVO theory also predicts high attractive forces resulting in reversible bacterial 
deposition53,54 at a so-called secondary minimum of the energy profile typically located at 5-20 nm 
above a collector surface. Previous work has hypothesized that other forces acting on bacteria in 
the secondary minimum hence may influence bacterial deposition, attachment and biofilm 
formation25,44. The net force acting on a bacterium located at the secondary minimum is estimated 
by a combination of the DLVO force of colloidal interaction (FDLVO), the hydraulic flow shear force 
(FHF), the electroosmotic flow shear force (FEOF), and the electrophoretic drag force (FEP) as 
described earlier25: 
net DLVO HF EOF EPF F F F F           (1) 
The calculations of the DLVO interaction force and hydraulic forces are detailed in eqs. S1-S11. It 
should be noted that the DLVO force is calculated at the secondary minimum distance, where the 
DLVO interaction controls the reversible bacterial deposition54. The electroosmotic shear force can 
be calculated by eq. 2, 
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where Fd* is a function of the radius a of a sphere (for simplicity we presume bacterial cells to be 
spheres) and the distance of the center of the sphere to the collector surface. Fd* is estimated to be 
1.7. η is the viscosity of the liquid (η = 3.19 kg m−1 h−1), εr is the dielectric constant of water (78.5), 
ε0 (8.85 × 10−12 F m-1) is the vacuum permittivity, ζs is the zeta potential of the sensor surface at the 
experimental conditions, and E is the electric field strength applied, I0 and I1 are the zero- and first-
order modified Bessel functions, and κ-1 is the thickness of the electric double layer. The 
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Here ζbac is the zeta potential of the bacteria at given experimental conditions, the f(κa) values 
approach 1.5 in high electrolyte concentration (i.e. 50 and 100 mM), while f(κa) is close to 1.0 in 
low ionic strength (i.e. 10 mM) for the bacterial (radius a = 0.6 μm)18. The ratio of |FEOF| and |FEP| 
at the distance of the secondary minimum of the DLVO interaction energy above a collector surface 
(hs) is detailed by eq. 4: 
*
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Eq.4 shows that the ratio directly depends on ζbac and ζs as well as κ-1 as the thickness of the electric 
double layer and, hence, is strongly influenced by the ionic strength of the electrolyte. 
 
QCM-D analyses of bacterial deposition 
QCM-D is an acoustic method that reflects the amount and viscoelastic properties of an adhering 
mass by changes of the resonance frequency (Δf) and energy dissipation (ΔD) of an oscillating 
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where f0 denotes the fundamental resonance frequency, A is the electrode area, ρq is the density of 
quartz (ρq = 2.648 g cm-3) and µq is the shear modulus of quartz (µq = 2.957×1010 N m-2). The Δf/ΔD 
ratio indicates changes of energy dissipation per coupled unit mass and is an indication for the 
rigidity and attachment strength of bacterial adhesion39,40,58. Typically, bacterial adhesion leads to 
negative frequency shift and positive dissipation shift. Thus a less negative Δf/ΔD value indicates 
build-up of a dissipative soft and fluid film on the QCM-D sensor. More negative Δf/ΔD values by 
contrast stand for a more rigid layer.  
 
Results 
Electric field and electrolyte effects on calculated Fnet 
In order to approximate DLVO energy profiles and the electrokinetic forces acting on bacteria 
above a sensor surface, the sensor and bacterial physicochemical surface properties were 
determined in 10, 50 or 100 mM PB electrolytes. While the quartz sensor was hydrophilic (water 
contact angle, θw = 21°), both strains were moderately hydrophobic (θw,KT2440 = 70°; θw,LP6a = 46°; 
Table S1). The sensor surface and both bacterial strains were negatively charged in all PB 
electrolytes (Table 1) with more negative zeta potentials at lower ionic strengths (i.e. shifts from –
21 mV (10 mM PB) to –8 mV (100 mM PB) of the sensor, -30 mV to –11 mV (strain KT2440) and 
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–53 mV to –36 mV (strain LP6a) (Table 1). Calculated DLVO interaction energy profiles between 
the bacteria and the QCM-D quartz sensor surfaces (Fig. S2) all exhibited secondary minima 
allowing for reversible attachment at all PB electrolyte concentrations. They were found at 
separation distances of 3.2 – 20.6 nm (Table S2). Corresponding attractive DLVO forces (FDLVO) 
depended on the ionic strength of the PB and ranged from 0.15 pN (10 mM) and 3.26 pN (100 mM) 
for strain KT2440 and from 0.15 pN (10 mM) and 2.31 pN (100 mM) for strain LP6a, respectively 
(Table 1). Table 1 further summarizes the forces FHF, FEOF, FEP, and Fnet that we defined as the sum 
of the magnitudes of FHF, FEOF, and FEP and FDLVO disregarding distinct directions of the 
electrokinetic and DLVO forces. (eq. 1). As sensor and bacterial surfaces had negative zeta 
potentials (Table 1), the direction of FEP was opposed to FEOF and the magnitudes of FEP of opposite 
sign to FEOF. While the extent of FHF was assumed independent of the experimental variations, the 
magnitudes of FEOF and FEP (expressed by |FEOF| and |FEP|) increased proportionally to E (eqs. 2 & 
3), decreased however at rising electrolyte concentrations. Fnet thus depended on the electric field 
strength and the ionic strength of the PB electrolyte (Table 1): at any given electric field strength, 
higher PB concentrations increased Fnet of both strains. At a given ionic strength, however, Fnet of 
the two strains revealed dissimilar trends at increasing E: in 50 and 100 mM PB electrolyte, a rise 
of E from 0.5 to 2 V cm-1 increased Fnet by ca. 10-20 % for strain KT2440 yet decreased Fnet by ca. 
700 % (Table 1).  
Electric field and electrolyte effects on Δf and ΔD and derived cell attachment rigidity  
QCM-D experiments recorded frequency and dissipation shifts at overtones 1, 3, 5, 7, 9, 11, and 13 
(Fig. S3) during 120 minutes of bacterial deposition. While overtone 1 was poorly stable and overly 
sensitive, all other overtones showed similar trends (Figs. S4 & S5). In the following, we analyze 
and discuss overtone 5 as representative signal using the frequency baseline in cell-free PB 
electrolyte as reference to calculate the frequency and dissipation shifts (Figs. 1, S4 & S5). Figure 
1 exemplifies Δf5 and ΔD5 shifts of both strains in 100 mM PB electrolyte at varying electric field 
strengths applied (E = 0, 0.5, 1, or 2 V cm-1). Here, pumping bacteria over the sensor surface resulted 
in decreasing (negative) frequency shifts and increasing dissipation shifts. The extents of Δf5 and 
ΔD5, however, varied at different experimental conditions (Figs. 1A & B, S4 & S5). Generally, the 
rates of Δf5 and ΔD5 changes were higher at the beginning (0 - 15 minutes) than at the end of 
bacterial deposition (cf.: Figs. 1A & B for 100 mM PB and Figs. S4 & S5 for 10 and 50 mM PB) 
while Δf5/ΔD5 ratios, as an indicator of attachment rigidity, generally exhibited highly linear 
correlation of Δf5 and ΔD5 ranges with coefficients of determination (r2) of > 0.95 (Figs. 1C &D, 
Table S4). Figs. 2A-F summarize Δf5, ΔD5, and Δf5/ΔD5 ratios at the end of the deposition 
experiments. While signals of strain KT2440 and LP6a differ depending on the experimental 
conditions chosen, our data show that observed effects were proportional to the electric field 




mM PB electrolyte, for instance, Δf5 decreased from -18.2 Hz (E = 0 V cm-1) to -34.5 Hz (E = 2.0 
V cm-1) while ΔD5 increased from 2.56 ppm to 4.25 ppm (Figs. 2A & C). Such shifts resulted in 
clear increases of the calculated rigidity (i.e. more negative Δf5/ΔD5 ratios; Fig. 2E). By contrast, 
Δf5, ΔD5 and Δf5/ΔD5 ratios of strain LP6a in 100 mM PB electrolyte increased at rising electric 
field strengths; i.e. Δf5 from -12.4 Hz to 3.14 Hz, ΔD5 from 1.89 ppm to 2.34 ppm, and Δf5/ΔD5 
from -6.56 to -1.34 MHz (Figs. 2 B, D, F). Decreasing PB electrolyte concentrations from 100 mM 
to 10 mM resulted in lower shifts of Δf5, ΔD5 and Δf5/ΔD5 in DC free controls and smaller DC-
induced changes, respectively. For strain LP6a, an electric field as weak as E = 0.5 V cm-1 already 
resulted in distinct changes of Δf5, ΔD5 and Δf5/ΔD5 at all PB electrolyte concentrations. By contrast, 
DC field effects on the trends of Δf5, ΔD5 and Δf5/ΔD5 of strain KT2440 varied and depended on 
the concentration of the electrolyte. At PB concentrations of 10 and 50 mM, DC fields decreased 
the rigidity of attached KT2440 cells; while clearly more negative Δf5/ΔD5 ratios (i.e. more rigid 
attachment) were found at increasing E.  
Electric field and electrolyte effects on cell density of attached bacteria 
The number of cells attached to the sensor surface was counted microscopically at the end of the 
deposition experiments and the cell density (ηc) and the surface coverage (cf. eq. S10) of cells 
attached to the quartz sensor surface (1.54 cm2) were approximated. The ηc varied from 0.9×106 - 
9.9×106 cells cm-2 (strain KT2440) and 0.7×106 - 3.3×106 cells cm-2 (strain LP6a) (Table 1; Figs. 
2G & H). This corresponds to maximal coverages of the sensor surface (Table S3) of 1.6 % and 
5.5 %, respectively. Strain LP6a excepted (where ηc at 10 mM and 50 mM were similar), the cell 
density increased in the order of ηc (10 mM) < ηc (50 mM) < ηc (100 mM) at all electric field 
strengths (Table 1). At a given PB electrolyte concentration, however, the strength of the electric 
fields evoked distinct ηc differences between the two bacterial strains (Table 1 and Figs. 2 E & F). 
Increasing E resulted in continuously decreasing ηc of strain LP6a at all electrolyte concentrations 
proposing that DC electric fields reduced the deposition of LP6a cells to the sensor surface even at 
weak E. For strain KT2440 however, the electric field decreased cell attachment to the sensor in 10 
mM electrolyte, yet promoted cell attachment in 50 mM and 100 mM electrolytes (Table 1 and Figs. 
2E & F). Cell density data of both strains thereby showed similar relative trends as observed by Δf5 
and ΔD5 (Figs. 2A &B).  
 
Discussion 
Assessment of DC-induced deposition effects by QCM-D monitoring 
Motivated by recent work suggesting that bacterial deposition and transport in percolation systems 
is influenced by electrokinetic forces25, we here studied DC electric field effects on bacterial 
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deposition by real-time QCM-D monitoring at varying PB electrolyte concentrations (10 - 100 mM) 
and electric field strengths (0 – 2 V cm-1). Both variables are key drivers of the electrokinetic shear 
and drag forces acting on bacteria. The QCM-D signals were further compared to microscopy cell 
density counting and all results discussed based on approximations of the net force (Fnet; eq. 1) 
acting on a bacterium at the distance of reversible attachment (i.e., at the secondary minimum of 
the DLVO interaction energy of bacterial adhesion, GDLVO, eq. S1 and Fig. S2). Except for strain 
LP6a at 2 V cm-1 we found good correlation between the resonance frequency (Δf5) and energy 
dissipation (ΔD5) for both bacteria in all experiments (Figs 1C & D). Based on work by Gutman et 
al.39 we used Δf5/ΔD5 ratios as indicator of attachment rigidity36 and cell deposition28. Such 
assumption was supported by our data that showed good correlation of Δf5/ΔD5 and microscopically 
determined cell density (ηc) counts (Fig. 3A). Backed by both, attachment rigidity and ηc, we found 
that weak DC fields clearly changed the deposition patterns of strains KT2440 and LP6a as 
compared to DC free controls (Figs. 2E-H). Observed deposition effects were proportional to the 
electric field strength applied (i.e. exhibited stronger effects at higher E) yet depended on the 
bacterial cell surface properties and the PB electrolyte ionic strength (Fig. 2).  
Prediction of DC-induced bacterial deposition effects 
According to the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory47 deposition of a 
bacterium to a sensor surface requires that the net kinetic energy of a bacterium is lower than DLVO 
interaction energy at the distance of reversible attachment51,59. Prediction of the DC electric field 
effects on bacterial deposition hence should consider additional electrokinetic forces acting on 
depositing cells; i.e. the electroosmotic shear and the electrophoretic drag forces as powerful tools 
in controlling the movement of bacteria and (bio-)colloidal particles7,9,14. We hence correlated DC-
induced deposition effects to Fnet shifts (Figs. 3B & S7); i.e. the attachment rigidity (Δf5/ΔD5) and 
the cell density (ηc), to Fnet acting on a bacterium at the secondary minimum above the sensor 
surface. For easier comparison all data were normalized for DC-free controls, using ((Δf5/ΔD5)DC - 
(Δf5/ΔD5)no DC) / (Δf5/ΔD5)no DC) i.e.: for attachment rigidity, (ηc,DC - ηc no DC)/ ηc,no DC) for cell density, 
and (Fnet,DC- Fnet,no DC)/ Fnet,no DC) for normalized net force shifts, respectively. Doing so, we found 
good apparent correlation between the normalized ηc (i.e. microscopy cell counts) and QCM-D 
derived rigidity (Fig 3A) at all electric field strengths and buffer concentrations tested. Increasing 
attachment rigidity was mirrored by higher ηc, while decreasing attachment rigidity resulted in 
lower ηc (Fig. 3A). This highlights QCM-D as a useful approach to assess and predict the influence 
of DC electric fields on bacterial deposition: At Fnet,DC  > Fnet,noDC increased attachment rigidity (Fig 
3B) and ηc (Fig. S7) and at Fnet,DC  < Fnet,noDC lowered attachment rigidity (Fig 3B) and ηc (Fig. S7) 
were observed. As FEOF and FEP are of opposite sign in our experimental system, their relative 
strength is a driver of Fnet,DC (eq.1) and, thus, of observed electrokinetic effects on bacterial 




versa, respectively25. The |FEOF| / |FEP| thus was a good predictor for bacterial electrokinetic effects 
on cell attachment rigidity and bacterial deposition at all conditions tested. The heat maps in Figs. 
4 & S8 visualize the effects of |FEOF| and |FEP| to normalized DC-induced rigidity and ηc changes. 
They reveal the importance of the |FEP| for cell deposition at given |FEOF| independent of the strain, 
electrolyte strength or the electric field applied. The high degree of convergence of rigidity and ηc 
changes further proposes that QCM-D is a good and fast tool for real-time analysis of electrokinetic 
deposition.  
Relevance for environmental applications 
Electrokinetic transport processes are often applied in civil and environmental engineering such as 
for repair and maintenance purposes or for contaminant removal. As an alternative to physical 
filtration, electrokinetic approaches are useful for the pre-concentration of large size molecules and 
nanoparticles using double layer properties of nanochannels (‘electrokinetic trapping’60). Here we 
give evidence that electrokinetic forces can be applied to influence bacterial deposition to surfaces. 
Electrokinetic deposition approaches may promote the retention of unwanted bacteria in drinking 
water purification systems or, vice versa, may reduce bio-fouling and bio-corrosion in engineered 
systems. The relative strength of FEOF and FEP acting on bacteria at a distance of the secondary 
DLVO minimum above a surface was found to be a good predictor for electrokinetic effects on cell 
deposition. According to eq. 4 the |FEOF|/|FEP| ratio is influenced by the electric field strength, the 
ionic strength of the electrolyte, the zeta potential of the bacteria and the collector surfaces, and the 
thickness of the electric double layer. QCM-D allows for fast, real-time and accurate high 
throughput monitoring of bacterial deposition by easily changing the drivers of the |FEOF| / |FEP| 
ratio. It hence can be used to back the predicted electrokinetic effects on bacterial deposition prior 
to further environmental and biotechnological applications (e.g. retention of unwanted bacteria in 
drinking water purification or the prevention of biofilm induced corrosion). Knowledge on DC-
effects also allows to manage electrokinetic bacterial dispersal in subsurface porous media and e.g. 
to change microbial community structures and functions and to promote contaminant 
biodegradation in disturbed ecosystems61,62. In parallel, electrokinetic effects may simultaneously 
improve the transport of nutrients by electromigration or change the interactions of contaminants 
with sorbents63,64 and thereby improve their bioavailability and biodegradation during engineered 
clean-up of contaminated soil or waters. 
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Figure 1. Time dependent frequency (∆f5) and dissipation shifts (∆D5) of P. putida KT2440 (Fig. 
2A) and P. fluorescens LP6a (Fig. 2B) at overtone 5 in 100 mM PB electrolyte and electric field 
strengths of E = 0 V cm-1 (empty squares), E = 0.5 V cm-1 (light gray triangles), E= 1.0 V cm-1 (dark 
gray circles), and E = 2.0 V cm-1 (black diamonds). Error bars denote the standard deviation of the 
mean (n = 3). Data above and below the dashed line refer to ∆f5 (left y-axis) and to ∆D5 (right y-
axis), respectively. Panels C & D correlate time dependent ∆D5 and ∆f5 of P. putida KT2440 and P. 
fluorescens LP6a. 
 
Figure 2. Effect of the electric field strength on the frequency shift (∆f5; Figs. 2A & 2B), the 
dissipation shift (∆D5; Figs 2C & D), the rigidity of bacterial attachment (Δf5/ΔD5, Figs. 2E & F), 
and cell density on the sensor surface (Figs. 2G & H). Data reflect bacterial deposition after two 
hours (cf. Fig. S2) at overtone 5 in 10 mM (light gray), 50 mM (dark gray) and 100 mM (black) PB. 
Figs. 2A, C, E & G reflect P. putida KT2440 and Figs. 2B, D, F & H reflect P. fluorescens LP6a. 
 
Figure 3. Correlation of normalized changes of DC-induced cell density and rigidity of cell 
attachment (Fig. 3A) and DC-induced net force (Fnet,DC, cf. eq 1) and rigidity of cell attachment (Fig. 
3B), respectively. All plots reflect data after two hours of deposition of P. putida KT2440 (squares) 
and P. fluorescens LP6a (diamonds) exposed to PB electrolyte of either 10 mM (light gray), 50 mM 
(dark gray), and 100 mM (black) and DC electric field strengths of E = 0, 0.5, 1.0, or 2.0 V cm-1 
(cf. digits at the symbols). 
 
Figure 4. Calculated effects of the electroosmotic shear |FEOF| and the electrophoretic drag force 
|FEP| on DC-induced normalized changes of the rigidity of attachment after two hours of deposition 
of P. putida KT2440 (squares) and P. fluorescens LP6a (diamonds). Experiments were performed 
in PB electrolyte of 10 mM (light gray), 50 mM (dark gray), and 100 mM (black), and DC electric 
field strengths of E = 0, 0.5, 1.0, or 2.0 V cm-1(cf. digits at the symbols). Data points above (|FEP| > 
|FEOF|) and below (|FEP| < |FEOF|) the dashed line refer to decreased and increased rigidity, 
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Table 1. Overview of cell counts, zeta potential and the calculated forces acting on a bacterium (P. 
putida KT2440 and P. fluorescens LP6a) at the distance of the secondary minimum in presence and 





P. putida KT2440  P. fluorescens LP6a 
10 mM 50 mM 100 mM  10 mM 50 mM 100 mM 
DLVO force (pN) a FDLVO  0.15 1.45 3.26  0.15 1.43 2.31 
Hydraulic shear force (pN) b FHF  0.50 0.50 0.50  0.50 0.50 0.50 
Electroosmotic shear force 
per V cm-1(pN) FEOF  3.70 1.90 1.80  3.70 1.90 1.80 
Electrophoretic drag force 
per V cm-1 (pN) FEP  -3.95  -1.80  -1.45   -6.99  -5.69  -4.74  
Net force (pN) c          
E = 0 V cm-1 F net,ND   0.65  1.95  3.76   0.65  1.93  2.81  
E = 0.5 V cm-1 Fnet,0.5V cm-1  0.53  2.00  3.94   -1.00  0.03  1.34  
E = 1 V cm-1 F net,1V cm-1  0.40  2.05  4.11   -2.65  -1.86  -0.13  
E = 2 V cm-1  F net,2V cm-1  0.15  2.15  4.46   -5.95  -5.65  -3.07  
Cell density  
(106 cells cm-2) d ηc         




















































Zeta potential (-mV)      
Bacteria ζbac  -30 ± 1 -14 ± 2 -11 ± 1  -53 ± 2 -43 ± 2 -36 ± 3 




    
Silica e ζs  -21 ± 2 -12 ± 1 -8 ± 1     
a For calculation cf. eq. S10; b FHF calculated for flow velocity of 6×10-7 m s-1 (cf. eq. S11); c cf. eq. 1; d Microscopically 
determined cell counts after 2 h; e Silica sensor surface.  
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Calculation of DLVO interaction force between bacteria and a solid surface (FDLVO) 
According to the DLVO theory, the DLVO interaction energy of bacterial adhesion (GDLVO) the 
electrostatic repulsion (GEDL), and the Lifshitz-van der Waals (GLW) energy (eq. S1)1: 
DLVO EDL LWG G G          (S1) 
The surface Gibbs free energies of bacteria γb and the glass surface γs (mJ m-2) were calculated 
based on measured contact angles (θ) of microbial lawns, membrane filters and glass surfaces using 
water, formamide and methylene iodide as liquids using the Young equation according to eq. S2: 
( ) 1 2 2 2
LW LW




     

  
   
         (S2) 
The total surface Gibbs free energies (γtotal) thereby were separated in a Lifshitz-van der Waals (γLW) 
and an acid-base component (γAB) (eq. S11) with γ+ and γ- as the electron acceptor and the electron 
donor components of the acid-base surface energy (eqs. S3 & 4).  
total AB LW            (S3) 
2ABi i i  
           (S4) 
Using literature data2 of γ, γLW, γ+, γ– values for water, formamide and methyleneiodide, the 
parameters γb, γbLW, γb+, γb– of bacteria were calculated as proposed by van Oss et al3, and the data 
from literature were taken for assessing the free energy of the glass surface. 
Hamaker constant4 can be described by eq. S5 
132 11 33 22 33( )( )A A A A A          (S5) 
Here, Aii denotes the individual Hamaker constant of bacteria (A11), glass (A22,) and water (A33), 




ii iA l           (S6) 
According to Fowkes6, the value of 6πl02 equals 1.44 × 10-18 m2, with l0 being the minimum distance 
between the outermost cell surface and the glass bead (0.157 nm)7. 
The electrostatic repulsion energy between bacteria and the glass surface was calculated by eq. S71,8:  
 2 20
1 exp( )
2 ln ( )ln 1 exp( 2 )
1 exp( )
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  (S7) 
where κ-1 is the thickness of the electrical double layer (EDL, nm) as calculated by the Guoy-
Chapman theory with C and z being the molar bulk concentration and the charge number of the 





              (S8) 
For a 10 mM and a 100 mM phosphate buffer (PB) solution, a κ-1of 2.15 nm (10 mM PB) and κ-1 of 
0.65 nm (100 mM PB) were calculated.  
With given values of the effective Hamaker constant A132, the Lifshitz-van der Waals interaction 
energy can be calculated by eq. S99 
132 2 ( ) 2ln( )
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     (S9) 
The DLVO interaction force thus can be calculated with the DLVO energy divided by separating 
distance between bacteria and solid surface.  
DLVO DLVO /F G h        (S10) 
 
Calculation of hydraulic shear force FHF 
The shear forces FHF and FEOF, acting on a bacterium located at hs depend on the velocity of the 
hydraulic (VHF) and the electroosmotic (VEOF) water flow and can be calculated by eq. S11: 
*
HF 6d HFF F aV           (S11) 
Where η is the viscosity of the liquid (η = 3.19 kg m−1 h−1), Fd* is a function of the radius a of a 
sphere (for simplicity we presume bacterial cells to be spheres) and the distance of the center of the 
sphere to the collector surface. 
 
Estimation of the bacterial coverage of attached bacterial cells on sensor 










       (S12) 
where Ncell is the cell number deposited on the sensor surface, ra the length radius of bacteria (0.57 
µm), rb the width radius of bacteria (0.31 µm), rsensor the radius of the sensor (7 mm). Ncell was 
observed from microscope counting with the method described in the main text.  
 
Code for ImageJ automatic counting of cell number in images taken with Hemacytometer 
under microscope. 
The cell numbers on microscopy pictures were counted with ImageJ software, going through batch 













run("Convert to Mask"); 
run("Analyze Particles...", "size=20-Infinity circularity=0.00-1.00 show=Outlines display clear 
summarize"); 
The cell concentration of bacterial suspension injected in Hemacytometer (derived as described in 
the main text) was calculated with the cell number derived from ImageJ according to the protocol 
(cf. http://hausserscientific.com /products/hausser_bright_line.html). 
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Table S1. Contact angles of water (Θw), formamide (Θf), methylene iodide (Θm), and zeta potentials 








ζbac 10 mM 
(-mV) 
ζbac 50 mM 
(-mV) 
ζbac 100 mM 
(-mV) 
       Silica 21 ± 2 40 ± 5 56 ± 4 -21 ± 2 -12 ± 1 -8 ± 1 
P. putida KT2440 70 ± 3 64 ± 7 57 ± 2 -30 ± 1 -14 ± 2 -11 ± 1 
P. fluorescens Lp6a 46 ± 3 55 ± 4 56 ± 2 -53 ± 2 -43 ± 2 -36 ± 3 
 
Table S2. Calculated DLVO force (FDLVO) and distances of the secondary minimum distances of P. 
putida KT2440 and P. fluorescens LP6a above the QCM-D silica sensor surface in 10 mM, 50 mM, 
and 100 mM phosphate buffer. 
  P. putida KT2440  P. fluorescens LP6a 
  10 mM 50 mM 100 mM  10 mM 50 mM 100 mM 
Distance of secondary minimum (nM)  
18.8  6.0 3.2 
 
20.6 6.7 4.1 
FDLVO at secondary minimum (pN)  0.15 1.5 3.3  0.15 1.4 2.3 
 
Table S3. Effect of electric field strength (E) on attached cell density (ηc) of P. putida KT2440 and 
P. fluorescens LP6a cells on the QCM-D quartz sensor surface (surface area: 1.54 cm2) as 
determined by microscopic counting. 
  
 


















0.0 2.47 1.37  1.21 0.67 
0.5 1.15 0.64  1.35 0.75 
1.0 1.21 0.67  0.91 0.50 
2.0 0.93 0.52  0.72 0.40 
       
50 mM 
0.0 1.82 1.93  2.86 1.59 
0.5 2.14 1.69  0.86 0.48 
1.0 3.48 1.19  0.99 0.55 
2.0 3.55 1.01  0.83 0.46 
       
100 mM 
0.0 4.07 2.26  3.25 1.80 
0.5 4.76 2.64  1.94 1.07 
1.0 5.01 2.78  1.29 0.71 
2.0 9.94 5.52  1.14 0.63 
 
Table S4. Linear correlation of Δf5 and ΔD5 ranges with coefficients of determination R2 for 
bacterial strains P. putida KT2440 and P. fluorescens LP6a at DC electric field strengths of E = 0, 
0.5, 1.0, or 2.0 V cm-1. 
Bacterial strain 
 
P. putida KT2440 
 
P. fluorescens LP6a 
Electric field 
strength (V cm-1) 
 
0 0.5 1  2 
 
0 0.5  1 2 
R2 
 
0.98 0.98 0.99 0.99 
 






Figure S1. Schematic view of QCM-D setup to investigate electrokinetic effects on bacterial 
deposition. Bacterial suspension was driven through the QCM-D system under pump pressure 
following the direction of the blue arrows. The sealed buffering bottle was added to make sure the 
copper wires can be connected to the power supply without and loss of pump pressure. Cooper 




Figure S2. Calculated DLVO energy profile of P. putida KT2440 (square symbols) and P. 
fluorescens LP6a (diamond symbols) in 10 mM (open), 50 mM (grey), and 100 mM (black) 






Figure S3. Typical QCM-D recorded frequency and dissipation shifts at overtones 3, 5, 7, 9, and 
11 during 120 minutes of deposition of P. putida KT2440 (Fig. S3A) and P. fluorescens LP6a (Fig. 
S3B) to silica sensor in 100 mM buffer at E = 1 V cm-1 at overtones. The experiments were run in 
three phases by pumping: 1. deionized water, 2. phosphate buffer, and 3. bacterial suspension over 








Figure S4. Δf and ΔD signals of P. putida KT2440 cell deposition on silica sensor at an interval of 




Figure S5. Δf and ΔD signals of P. fluorescens LP6a cell deposition on silica sensor at an interval 





Figure S6. Correlation of Δf5 (panel A) and ΔD5 (panel B) with attached cell density (ηc) on the 
silica sensor surface after 120 minutes observed by microscopy counting (error bars represent for 
standard deviations of triplicate experiments). The data points include two bacterial strains KT2440 





Figure S7. Relative change of the cell density and relative change of DC-induced net forces acting 
on a bacterium placed at the secondary minimum. All plots reflect data after two hours of deposition 
of P. putida KT2440 (squares) and P. fluorescens LP6a (diamonds) exposed to electrolyte 
concentration of either 10 mM (gray symbols), 50 mM (dark gray symbols), and 100 mM (black 




Figure S8. Calculated effects of the electroosmotic shear force |FEOF| and the electrophoretic drag 
force |FEP| acting on a bacterium placed at the secondary minimum on the bacterial cell density on 
the sensor surface relative to DC-free controls in percentage. The plots reflect data after two hours 
of deposition of P. putida KT2440 (squares) and P. fluorescens LP6a (diamonds) exposed to 
electrolyte concentration of either 10 mM (light gray symbols), 50 mM (dark gray symbols), and 
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5. Electrokinetic Effects on Matrix-Contaminant Interactions 













































6. Discussion and Outlook 
The principles of electrokinetic effects on bacterial deposition in porous media, bacterial deposition 
on planar surfaces, and contaminant release from a matrix were investigated separately in the three 
work packages. Investigations found that electrokinetics can exert strong effects on both bacteria 
deposition and contaminant release under various matrix and electrolyte conditions. The driving 
factors of electrokinetic effects were further analyzed by interlinking the observations from 
experiments and theoretical quantified electrokinetic strengths. Besides revealing the principles of 
electrokinetic effects, these approaches open the possibilities of predicting the improvement of 
contaminant availability in various matrices and environmental conditions.  
6.1 Driving Factors of Electrokinetic Effects on Bacterial Deposition 
6.1.1 Establishing an Approach to Predict Electrokinetic Effects on Bacterial 
Deposition  
Based on previous research26 that interlinked enhanced P. fluorescens LP6a transport with 
electroosmotic shear force (FEOF), we challenged the FEOF-effects model by four bacterial strains 
differing in physicochemical properties. Besides confirmed transport-enhancing effects for two 
strains LP6a and S3, we simultaneously found that DC electric fields significantly promoted the 
deposition efficiencies of P. putida KT2440 and R. opacus X9. Further investigations on the driving 
factors of deposition, we found that in addition to the DLVO force (FDLVO), hydraulic shear force 
(FHF), and electroosmotic shear force (FEOF), there is another unneglectable driving force on bacteria 
deposition: the electrophoretic drag force (FEP). After inducing FEP, the relative changes of 
electrokinetic-induced net forces were highly correlated with the relative changes of the deposition 
efficiency. The relative changes of net forces originate from the electroosmotic shear force and 
electrophoretic force, they have the same magnitude but point to opposite directions when both 
bacteria and matrix surface carry negative charges. For all bacterial strains, at both initial and final 
stages of the breakthrough curves, the relative strengths of these two forces (|FEOF| and |FEP|) 
determined the electrokinetic effects. At the conditions |FEOF| > |FEP| increased deposition efficiency 
was detected, while at conditions |FEOF| < |FEP| decreased deposition efficiency was detected. These 
findings hence support that electrokinetic shear and drag forces are driving factors of electrokinetic-
effects on bacterial deposition. In high ionic strength, the driving factor |FEOF|/|FEP| can be 
approximately simplified to the function of the zeta potentials of the bacteria and the matrix surface 
by 1.29 ζC/ζbac, which can be further used for quick predictions of electrokinetic effects. At 1.29 
ζC/ζbac < 1 reduced deposition is to be predicted and at 1.29 ζC/ζbac > 1 increased deposition is to be 
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predicted. The established approach provides the possibility to manipulate and to predict the 
electrokinetic effects on bacterial deposition. 
6.1.2 Evidencing the Electrokinetic Bacterial Deposition Approach with QCM-D 
Monitoring 
In the porous media, an approach has been established to describe the principles and to predict the 
electrokinetic effects on bacterial deposition. However, direct measured evidence of the 
strength/rigidity of the bacterial attachment was not available by column observations. Therefore, 
we further challenged to prove the electrokinetic effects on bacterial deposition by QCM-D 
monitoring and microscopy approaches. This real-time method measures the rigidity of bacterial 
attachment by QCM-D monitoring and microscope counting under various electric field conditions 
at a single bacterium weight level 100 at several nanometers above a planar surface. The 
electrokinetic effects on the deposition of two bacterial strains LP6a and KT2440 in QCM-D system 
in wider electrolyte concentration range were investigated. Investigations found that, for both 
strains LP6a and KT2440, electrokinetics significantly changed bacterial deposition in electrolyte 
concentrations from 10 to 100 mM. We hence correlated electrokinetic-induced deposition effects 
to Fnet shifts; i.e. the QCM-D measured attachment rigidity (Δf5/ΔD5) and the microscope observed 
cell density (ηc), to Fnet acting on a bacterium at the secondary minimum above the sensor surface. 
We found that the rigidity, the cell density fit well to the previous established approach of 
electrokinetic effects on bacterial deposition. We found good apparent correlation between the 
normalized microscopy cell density ηc and QCM-D derived rigidity at all electric field strengths 
and electrolyte concentrations tested. Increasing attachment rigidity was mirrored by higher cell 
counts, while decreasing attachment rigidity resulted in lower cell counts.  
This highlights QCM-D as a useful approach to assess and predict the influence of DC electric 
fields on bacterial deposition in combination with the established approach of electrokinetic effects 
on bacterial deposition: At Fnet,DC > Fnet,no DC increased attachment rigidity and ηc and at Fnet,DC < 
Fnet,noDC lowered attachment rigidity and ηc as compared to DC free controls were observed. As FEOF 
and FEP are of opposite sign in our experimental system, their relative strength is a driver of Fnet,DC 
and, thus, of observed electrokinetic effects on bacterial deposition. If |FEOF| > |FEP|, electrokinetics 
promote attachment rigidity and ηc and vice versa, respectively44. The |FEOF| / |FEP| thus was a good 
predictor for bacterial electrokinetic effects on cell attachment rigidity and bacterial deposition at 
all conditions tested. The heat maps in Figs. 4 & S8 in Chapter 3 visualized the effects of |FEOF| and 
|FEP| on normalized DC-induced rigidity and ηc changes. They reveal the importance of the |FEP| for 
cell deposition at given |FEOF| independent of the strain, electrolyte strength or the electric field 
applied. The high degree of convergence of rigidity and ηc changes further proposes that QCM-D 




increment of all electrolyte concentrations from 10 to 100 mM, the electrokinetic effects on LP6a 
varied from transport-enhancing to much stronger transport-enhancing, while effects on KT2440 
varied from transport-enhancing to deposition-enhancing. QCM-D research evidenced the 
electrokinetic effects and provided the possibility of controlling the electrokinetic effects by varying 
the DC field conditions (e.g., steering electrokinetic effects of strain KT2440).  
6.2 Driving Factors of Electrokinetic Effects on the Interactions between 
Matrices and Contaminant 
In the ecosystems, the type, the sorption capacity, or the spatial and energetic distribution of the 
sorption sites may impose serious limitations on the rate of PAH biotransformation. In order to 
ensure sufficient transformation rates, environmental biotechnology has to manage the transport of 
contaminants at least over the distances typically separating hotspots of pollution from transforming 
microbes 101. This is of special relevance for PAH which are typically associated with solid particles 
from which they are very slowly released by diffusive transport processes 7,102. Using sorbents of 
either purely mineral or carbonaceous nature, we here suggest that the application of electrokinetics 
may be used to control PHE-matrix interactions as a driver for subsequent PHE availability to 
microbes. Applying a DC field to a solid matrix invokes electroosmotic flow, resulting from the 
relative motion of counter-ions adsorbed on the inner and outer surface of pores and continuous 
micro-channels 43,103. As EOF exerts dispersive effects on PHE molecules, we quantified 
electrokinetic impacts on the sorption and desorption kinetics of PHE using zeolites, aluminum 
oxides, silicates, activated carbon and exfoliated graphite. The rates of PHE sorption and desorption 
were then compared to those in identical DC-free controls. Our research correlated observed relative 
effects of DC fields on PHE sorption and desorption to the calculated VEOF,r in various sorbents and 
intra-pore size, good correlations were detected. These results support the hypothesized effect of 
EOF on PHE-sorbent interaction. In order to further evaluate DC-induced kinetic effects, we varied 
the electrical double layer thickness by changing electrolyte concentrations. A shift of electrolyte 
concentration from 1 to 100 mmol L-1 results in a reduction of the EDL thickness and an increase 
of the electroosmotic flow velocity in microchannels (VEOF,r). Simultaneously, a combination of 
bigger pores and smaller EDL thickness promotes an up to fivefold-faster VEOF,r and proportional 
changes of electrokinetic effects on sorption and desorption for silica sorbents in varying electrolyte 
concentrations. At conditions of low VEOF,r, the DC field-induced impact on PHE-sorbent 
interactions was low. For the strong PHE sorbents activated carbon (AC) and exfoliated graphite 
(EG), however, no correlation with VEOF,r was observed. This suggests that the sorption properties 
of AC and EG for PHE prevail over the possible EOF effects. As better sorption of PHE to EG in 
the presence of DC was observed, it may be speculated whether EOF may mediate the redistribution 
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of weakly bound PHE within the sorbent 104, i.e., translocate PHE molecules from weak to strong 
sorption sites.  
In order to further interpret the DC-effects on PHE-sorbent interactions, we determined the 
thermodynamic parameters such as the Gibbs free energy changes (ΔGº), the enthalpy change (ΔHº), 
and the entropy change (ΔSº) of PHE sorption to sorbents. ΔGº as an indicator of the degree of the 
spontaneity of PHE interaction with sorbents105 was found to be negative and poorly dependent on 
the ionic strength of electrolyte. PHE sorption was exothermic (ΔHº < 0) and accompanied by minor 
changes of ΔSº. This observation confirms earlier work showing that hydrophobic (carbonaceous) 
and hydrophilic (mineral) surfaces exhibit distinct PAH sorption enthalpies in aqueous solutions 
92,106. As the interaction energy of water with mineral surfaces is greater than that of PAH, the water 
molecules may outcompete PAH molecules in an exothermic sorption process. According to this 
assumption, PAH molecules may associate with a ∼100 nm thick layer 106 of vicinal water rather 
than directly with the mineral surface 107 and, hence, may be subject to significant EOF velocity. 
The plug-like velocity profile of EOF thereby is likely to exert a dispersing force on PHE molecules 
above mineral surfaces with a typical electric double layer thickness ranging from 0.65 nm to 6.87 
nm for our experimental range of electrolyte concentrations. According to the model postulated by 
Huang et al.92, the PHE molecules are likely to interact directly with the surface of carbonaceous 
sorbents and hence may require high ΔGº for their replacement by water molecules. Based on such 
reasoning, we tested whether there is an apparent correlation between VEOF,r and the Gibbs free 
energy for PHE molecule in the vicinity of a sorbent surface. Such correlation further tempting as 
the ionic strength of the electrolyte was found to have minor influences on ΔGº yet to promote the 
intra-pore VEOF,r. VEOF,r as low as 4.4×10-7 m s-1 results in significant apparent sorption and 
desorption benefits for sorbents with ΔGº > -13.5 kJ mol-1. Generally, higher ΔGº and a lower EOF 
velocity seem to result in an electrokinetic promotion of PHE sorption and a reduction of PHE 
desorption. By contrast, lower ΔGº and higher EOF may lead to an electrokinetic promotion of PHE 
desorption and clearly reduced sorption, respectively.  
6.3 Relevance for Environmental Application 
Using the established approaches interlinking the electrokinetic forces with DLVO interactions 
energies and sorption energy ∆Gº, we were able to estimate electrokinetic effects on bacterial 
deposition and contaminant release, respectively. The electrokinetic control bacterial deposition 
approach can be used to control and predict electrokinetic effects on bacteria deposition efficiency 
in both porous and planar systems; and the electrokinetic control contaminant release approach can 
be used to control and predict the electrokinetic effects on contaminant sorption and desorption. 
Based on these findings, we would like to seek the possibility of using one or both of the approaches 




Our approach on electrokinetic control bacterial deposition can be used to predict bacterial 
deposition rate in DC fields, to find the possibility of applying electrokinetic to disperse functional 
bacteria in ecosystems to enhance availability or preventing bacteria pollution of the drinking water 
system. As described in chapter 6.1, in high ionic strength, the driving factors of electrokinetic 
effects can be simplified to the zeta potential ratio of the matrix and bacteria (i.e., ζC/ζbac). 
Investigations have found that in the natural soil system where typical zeta potential distribution 
ranges of bacteria (-5 to -48 mV108,109) and matrices (0 to -54 mV110–112) are relatively wide, the two 
different effects of electric fields exist at the same time regarding the ζC/ζbac distribution. For the 
situations 1.29 ζC/ζbac > 1 (i.e. |FEOF| > |FEP|), DC fields enhance the deposition of bacterial in porous 
matrices, however, the strong FEOF may enhance the desorption and migration of contaminants, and 
thus may also bridge the physical distance between bacterium and contaminants to further enhance 
bioremediation. On the other hand, at 1.29 ζC/ζbac < 1 (i.e. |FEOF| < |FEP|), DC fields may enhance 
the transport of bacteria through porous media to reach contaminants adsorbed on matrices, and 
enhance bioremediation. Increasing the surface charge of the matrices (ζC) results in increasing net 
force, therefore supports the deposition of bacteria and may promote desired biofilm formation. 
While decreasing ζC / ζbac results in the decreasing net force, therefore reduces bacterial deposition 
and, hence, transport bacterial cells deep into the porous media. In addition, based on the QCM-D 
evidenced electrokinetic effects in various ionic strength, there is a possibility of steering the DC-
effects on bacterial desposition by varying the DC field conditions. In electrokinetically-managed 
natural and man-made ecosystems the electrokinetic control bacterial deposition approach and 
QCM-D real-time measurement method hence allow for better control of microbial deposition and 
transport to achieve better bioavailability. 
Our approach to estimate electrokinetic control contaminant release can be used to predict the 
contaminant releasing in DC fields, to find the possibility of improving contaminant releasing in 
soil system to enhance availability or to prevent pollutants invading into clean environment systems. 
Knowledge of the composition of environmental matrices and their chemical, thermodynamic and 
sorption properties is important for the prediction of electrokinetic effects on PAH-matrix 
interactions. For example, at situations of low organic carbon content (< 1 g kg-1) the mineral phase 
may dominate and given sufficient electrolyte concentrations, DC fields will significantly reduce 
PAH retention and, hence, increase PAH availability. On the other hand, in activated charcoal 
treatment of contaminated groundwater or thermal soil remediation technology using activated 
carbon, DC electric fields may elevate PAH sorption rates, decrease the risk of PAH diffusion, and 
save the often expensive sorbent materials. Electrokinetic approaches may be further used to 
kinetically regulate the interaction of sorbates and sorbents in environmental (bio-)technology 24,26,44. 
This kinetic regulation may give rise to future technical applications, which allows regulating 
sorption processes, for instance in response to fluctuating sorbate concentrations in contaminated 
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water streams, in electro-bioremediation or to avoid unwanted sorption of hydrophobic solutes in 
technical applications.  
Overall considering both electrokinetic effect approaches, we found that electrokinetics allows for 
very wide application opportunities to improve bioavailability in various ecosystems as described 
by Fig. 8.  
 
Figure. 8 Schematic of strategies of applying electrokinetics in various conditions 
In |FEOF| > |FEP|, high EOF, and low ΔG° conditions (cf. the orange area in Fig. 8), electrokinetics 
results in increased bacterial deposition and increased contaminant release. This suits for improving 
the bioavailability in the contaminated sites when the concentration of contaminants is not adequate 
for bacterial growth (for instance, Rein et al. found that concentrations of < 5-10 nM of polycyclic 
aromatic hydrocarbons (PAH) did not meet the maintenance requirements of the degrader 
population). In |FEOF| > |FEP|, low EOF, and high ΔG° conditions (cf. the red area in Fig. 8), 
electrokinetics results in increased bacterial deposition and decreased contaminant release. This 
suits for the decontamination of groundwater pollutants by enhancing bacterial deposition and 
increasing contaminant concentration for biofilm growth. In |FEOF| < |FEP|, high EOF, and low ΔG° 
conditions (cf. the green area in Fig. 8), electrokinetics results in decreased bacterial deposition and 
increased contaminant release. This suits for enhancing bioavailability in low permeability 
ecosystems (for instance PAH contaminated oil sand sites) by enhancing bacterial mobility and 
contaminant release/transport to degraders. In this case, electrokinetics can also be applied to 
disperse high surface charged specific degraders into the contaminated sites. In |FEOF| < |FEP|, low 
EOF, and high ΔG° conditions (cf. the blue area in Fig. 8), electrokinetics results in decreased 
bacterial deposition and decreased contaminant release. This suits for improving availability by 




In the meanwhile, based on the driving factors of electrokinetic, there are possibilities to steer the 
electrokinetic effects to fit the need of specified ecosystems. For instance, increasing the electrolyte 
concentration allows for changing the relative strength of |FEOF| and |FEP|, therefore it may steer the 
electrokinetic effects from decreasing deposition to increasing deposition. On the other hand, 
adding surfactants may decrease the sorption Gibbs free energy ΔG°, therefore it may reverse the 
relative strength of EOF and ΔG° to steer the electrokinetic effects from decreasing release to 
increasing release. 
6.4 Outlook 
Research of this thesis established two electrokinetic effect approaches to predict the DC effects on 
bacterial deposition and contaminant release. Based on these approaches we can foresee that there 
are plenty of application opportunities in ecosystems. We hence propose several research interests 
following the current knowledge of electrokinetic effects: 
Firstly, electrokinetic effects on the biodegradation efficiency. Currently we investigated the 
electrokinetic effects on the driving factors of bioavailability, i.e., the first part of bioavailability 
(cf. Fig. 1), it is interesting further to investigate electrokinetic effects on the overall degradation 
efficiency when the availability of contaminant to degraders is increased. 
Secondly, the two electrokinetic effect approaches also give the driving factors that may change or 
even steer the DC-effects to adjust the electrokinetic effect to fit for the needs of specified 
ecosystems. Therefore, it will be interesting to seek for more ecologically-friendly and operation-
practical methods in controlling the DC-effects to the wanted direction. For instance, the surface 
charge of degraders may be modified by varying the medium as described by Simoni et al.113,114, 
this allows for changes of the relative strength of FEOF and FEP and therefore may change the DC-
effects on bacterial deposition efficiency. On the other hand, adding surfactants allows for changes 
of the relative strength of EOF and the ΔG° and therefore may change the DC-effects on 
contaminant release. 
In addition, natural ecosystems are complex, as more organisms exist besides bacteria such as 
worms, plants, fungi, etc. It will be very interesting and required to investigate the electrokinetic 
effects on these living organisms to define the appropriate application conditions of DC fields.  
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